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.ABSTRACT 
!be retlectance·properties of printed surtaces, as they are related 
to aurface roughness and configuration, were studied. Specular gloss 
11.1aaurements made on a series of coated and uncoated paperboards, and on 
prints ot varying film thickness on these boards, were related to surface 
roughness as represented by the number of maxima and m:1n1rna 1n Brush 
,roughness protilea. At 20° and 851 incidence a single correlation curve 
waa obtained for all samples, while at intermediate 811Bles separate_CUrTea 
were obtained for the boards, and tor each aeries of prints differing by 
board type and manu:tacwrer. 
Goniophotometer curves were'obta:lned tor all sample• at 75' and 85° 
incidence at a wavelengtp of 578 mf. Jor all samples the maximum reflectance 
occurred at an angle great~r than the specular angle, and the refiectance 
'Yalues were lower than the corresponding specular gloss values. 
~ 
A·1implified theoretical model of reflectance from rough surfaces, 
which considers the surface to be composed ot small refieoting facets, was 
compared w1 th the experimental goniophot9meter curves. The agreement ,ras 
fairly good for most of the samples. Two model parameters, the standard 
deviation of the facet slope distribution, and the facet area, were deter-
mined tor each sample by titting the theoretical curves to the experimental 
data. In general, the values of these parameters determined for each sample 
at 75° ~ 85° incidence did not agree within experimental error, due to the 
1implitied form of the model. Recommendations are presented for a more 
rigorous theoretical approach to the problem. 
-1-
1. IftBODUCTIOR 
Gloaa iDcl gloss UD1formit7 are aa8Ulll1Dg iDoreaaing importance 1D 
the prin:ting and paokaging industry because of the value of attractiYeness 
and general appearance of printed ob~ects. Little is known of the relation-
ships between gloss and the JIILlltitude of factor& which can affect it. Among 
these factors are pigment particle aise, pigment loa41Dg, 1DJc filDL thiclmeaa, 
I 
vehicle v:Lscoait1,· and stock pore atruoturi. Some a:plorator., work baa been 
4one at the Rational Printing Inlc Research Institute ( 1-3). Thia wort demon-
strates that the ~ter-relationa'bips between the important variables are 
ooaple>:, but that tllq all affect ~ IIIIOOtillleaa ot tile print¥ film, which 
18 the basic requirement of high gloss and unitormi.t7. 
4\ 
The definition of gloss has caused some contusion-in the put, since 
it can be interpreted in several different wqs. Hunter (4) has defined six 
c118t1nct types of gloss: specular gloss, sheen, contrast gloss, absence ot 
bloom gloss, distinctness of image gloss, and absence of surface texture gloss. 
· Of these, the one which is most coJIIIIIODly applied to ink films is specular 
gloss, which JIJ81 be thought of as the degree of approach of the test surface 
to a mirror surface. Specular gloss is a measure of the intensit7 of reflec-
tion at a reflection angle equal to the incident angle. 
11.gure 1 illustrates the type of reflection obtained for a pertecti, 
retl.ecting mirror aur:tace. It light is directed upon the surface at an angle 
of incidence i' measured from the normal to the surtaoe, it will be retleoted 
at an angle Q, where Q is equal to 1 . 
Jigure· 2 depicts light incident upon a moderate~_ rough surface. 
· the surface is considered to be composed of small facets oriented at various 
angles to the mean surface. F.ach facet is, in turn, considered to bea small 
-2-
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Figure 1: Reflection .from a Mirror Surface 
Figure 2: Reflection from a Moderately Rough 
Surface 
_,_ 
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,i 
a1rr0r sjm1Jar to that depicted in Pigure 1. Therefore, each facet refiecta 
11gbt at a reflection angle equal to the angle of incidence tor that partic-
ular facet. The resultant reflection trom the composite surface is, then, 
the sum of the refiections from the indivi.dual facets. Al. ·illustrated in the 
figure, reflection occura over a range of reflection angle, G. 
If all facet orientations are equally l.il.el.1, light incident upon 
tile aurt~e at any angle 1' with respect to the normal to the mean surface 
plane will be reflected with equal intensity at all angles, G. Such a 
• 1urtace is called a perfectly diffusing s"Lw.>face, and the intensity of the 
reflection is g1 ven · by 1'unbert I s law: 
.• ' 
where Rr• intensity of the reflected light 
R1• intensity of the incident light 
a• constant 
. " 
( 1) 
ill real reflecting surfaces lie between the two extremes of a 
perfect reflector and a perfect diffusor. That is, the value of the reflec-
tance will var, with the angle of reflection (which will hereafter be refer-
red to as the angle of viewing). Theoretically, by stuqing the dependence 
of reflectance on the angle of viewing, tor a given angle of incidence, it 
should be possible to determine the distribution of tacet·orientations in 
the surface.· The purpose of this research was to deduce the relationship 
between reflectance, or gloss, and the surface ~ontiguration ot various 
paperboards and printed ink films. 
,. j: 
! 
!lie preoe41Dg theOr7 doe•,not mclu4e aueral faowra wbicll 
ooaplicate the analJaias 
a. 11111 tiple refieotiona between facets 
. ,. 
b. aeek1ug end lhadowiug ot some :taceta b)' their neisbbora 
o. the taot that print surfaces retlect tml1 a :traction ot the 
ligbt incident upon them, the remainder being trarunni tted to 
the complex system ot pigment, Tehicle, and aubatrate which 
11•• below the surface 
• J. 
. . ., 
!hue factors will be diacusaed 1D detail in Chapter II. 
( 
II. mPX>mICAL DISCUSSIOI 
!be earliest attempt to expla1D retlecticm troll roU8h surface wu 
bJ Jouguer (5), who postulated a surface composed of small mirrors oriented 
a"t all possible inclinations to the .-a surface. Bouguer evmdned sneral 
surfaces with a simple goniophotometer, and found that the, obqed. Iabert's 
law only Te-q approximat~. 
!hie point was taken up bJ GrabonJci ( 6), who attempted to pron 
~t Iabert' s law could not be Terified b7 the Bouguer bJpotheaia. Be 
UIUlled that reflection is proportional to the cosine of the newing angle, 
and found that in order to explain IAmbert's law bf the Jouguer qpothelia, 
lreenel' s law of reflection ( 7) must be g1 van b7 
(2) 
where A, n = constants 
1 • angle of incidence 
Grabowski stated that this expression is impossible. 1 is an increasing 
' tanction, and thus, n must be positiTe. But i:t so, P ( 1) .~ at 1 a: 1' , 
which is incorrect. Therefore, Grabowski concluded, the Bouguer hn,e>thesis 
o&m1ot be em.plo7ed to explaiD Lambert's law. 
BerI7 (8) expressed the op1Dion that ·Grabowald.1s arguments did not 
necessarili inTal.idate Bouguer1s theo-r,, since physical laws are oDly approx-
imations ot actual behavior, and often fail in limiting cases. Be defined 
· leTeral types of "icleal.lJ rough" surfaces statisti~, calculated the laws 
which govem cliffuse retlection.~m these 1urtacea,·anc1 COlllp8Nc1 these with 
-6-
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exper1mental results. The disagreements were considerable in some cues, 
but Berr, stated that the d1screpancies may arise :trom sbadowing o:t some 
facets by neighboring facets. He concluded that the agre811181lt is probabll 
u good as could be expected, and that Bouguer1s hJpothesia need not be dia-
oarcled. 
Oh1nma,anandem (9) described a rough surface as one having reflecting 
elements who heights are distributed according to tJ-1 Gaussian probabllity 
law. Be derived an expression for reflection tor this model which yields 
:ta1r]1 good agreement with experiment tor incident and viewing angles up to 
54•1 c, 
(3) 
where Q = viewing angle -
~ • wavelength ot radiation 
-.~ ~ experimental constant 
Jor larger angles, Ch1runayBDBDdam concluded that shadowing effects became 
important, and he employed a complex empirical. formula which gave good agree-
ment with experiment. 
Pokrowsld. (10-13) undertook an ext~ive study.of the problem, 
wt:1ng the following assumptions: 
a. a portion ot the light 18 directly reflected from the surface 
b. the remainder of the light is dittllsed from the interior ot 
the material 
c. l'resnel1s law can be used to determine the amount of light re-
flected from the surface for a given incidence angle-viewing angle 
co~bination 
-7-
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cl. all facet orientations are equally 11lcel7 
•• the light dittused from within the bod1 obqs Lambert's law 
!Ima, Polcrowslci I s reeul t was: 
R • a•J+b cos 1 
where J • Presnel Is law 
a,b = experimental constants 
j 
',.._ (4} 
Be presented data tor eo0 incidence which showed good agreement with 
Equation 4, and clisouaaed the importance ot shadowing, multiple reflections 
between facets, and absorption of light ·m the interior of the material. 
• I 
. _. 
·1 
Schulz (14) held that several ot Polcrowak11s assumptions, partic-
ul.arly that of a unitorm facet orientation clistribution, were not real.1stic. 
Be assumed that the refiectance consisted of surface reflection, regular 
reflection from particles within the material, and diffuse reflection from 
below the surface. Schulz also mocli:tied Pokrowski1s equation to account 
\ 
:tor shadowing by neighboring facets. 
Bark:as (15) extended the work of Pokrowski and Schulz, assuming a 
surface composed of specularly and diffusely reflecting facets, the latter 
w account tor scattering and multiple reflections •. He arrived at the 
:following expression tor reflectance: 
a.. 2 ~!T [cos (f- G) + cos (i H) 1 + PB cos [ l<i - Q~ (5) 
where A= area, per cm2 of mean surface, of rough facets illuminated and 
I 
visible.for particular values of i and Q 
B • the s1m,Jarly defined area of mirror facets 
r. the proportion of incident light scattered normallf to a rough facet 
1 • Presnel's law 
!he agreement was fairly good for the materials tested .• 
-8-
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Bennet and Portews (16-18) deTeloped a theory tor the relationabip 
between surface roughness and specular reflection at normal incidence. !he 
thl01'11a applicable when the root-mean-aquare surface roughness is small 
compared to the wavelength of light (34). The equation derived wu: 
I • 11 exp [ -( 411' er )2 / ,.\ 2 + 11 25y4 (a-/),, )4 (AG )2 (6) 
where R1 a intensity of incident light 
'5 • root mean square surface rougbnees 
A • waTelength ot incident light 
m • root mean square slope of the surface profile 
A Q • instrumental acceptance ~b 
' .  
.A. considerable amoimt of work has been done in the Soviet Union 
(19-24) concerning specular reflection of polarized light trom rough dielectric 
. 
~ 
surfaces. ill ot this work was concemed, to a great extent, with diffraction 
ettecta. Gordinsldi (19) considered the problem trom the point of view of 
statistical interference of coherent (i.e. identical) sources of reflection 
1n the surface. He derived the following expression for specular reflection: 
k2 p • e-q 
rel (7) 
where ,Prel a ratio of specularly reflected light from the rough surface to 
specularly reflected light from a poliahed surface 
.J 
q • index of rougbneee 
• s-rr2 c,-2 
<S" • standard deviation of the statistical ~stribution of roughness 
heights (assumed to be Gaussian) 
k • index of interference 
008 1' 
• :x 
-9-
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Toporets (20, 23) observed specular peaks in goniophotometer curves 
with polarized light tor roughened (h=12j'), but not polished, ground glass 
surfaces. He interpreted this as indicating ordinary li'resnel specular re-
flection distorted bf diffraction. In addition, the specular maxima of the 
curves decreased, and their half-widths increased, with increasing angle of 
:lncidence, a result which is exact~ the opposite of that which is generally 
observed. Using a verf · precise goniophotometer ( angular aperture ot the 
light beam• 9 min.) Toporeta determined the angular distribution ot surface 
\ 
facets. He was also able to determine the effective tacet size for the 
roughly polished surfaces. 
(.-
Voisbvillo (22) studied r~fiection from roughened gr~· and white 
glasses at large angles f'f incidence (-f? 60°). Be observed goniophotometer 
curves possessing two max1ma, one at the specular angle, and one at a higher 
angle. He assigned the sharp maximum at the specular angle to specular re-
flection, and the second maximum, which is more or less pronomiced depending 
on surface roughness, to diffuse reflection. He derived the following ex-
\ pression for the diffUse component of reflection: 
(8) 
where r = reflection coefficient c.alculated by Fresnel I s law 
E
0 
= illumination of the projection ot a surface facet 1n a direction 
p_erpendicular to the incident beam. 
S
0 
= area of the rough surface which is illuminated 
S = angle between the .normals. to the mean surface and the facet 
..f (cS)= dist.ribution of surface facet orientations 
-10-
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Pol.Janskii and coworkers (21, 24) studied the depolarization of 
li~t reflected from rough surfaces, and succeeded 1n separating the partial 
retlectances attributable to diffraction and Fresnel reflection. If the 
specular peak is produced by regular reflection froa facets, it will not be 
depolarized. Such is·not the case tor ditfUse reflection. These workers 
found that both Fresnel and diffraction mechan:JBJDS enter :lllto the formation 
of the specular peaks. 
Belson and Goulard (25) studied reflection from a periodic dielectric 
surface with a sine wave as its cross-section. The7 obtained goniophotometer 
curves which, in general, had two peaks, one on either side of the specular 
angle. They concluded that the peus were caused by reflection from the in-
flection points of the periodic surface. The magnitude of the oft-specular 
peata depended al.most entirely on, and varied directly with, the index of 
retraction of the reflecting material. The angular position of the peaks 
depended upon the radius of cl.µ'Vature of the surface near its peaks, the 
position approaching the sp.ecular angle as the radius of curvature increased. 
A great deal of significant work has been done by Torrance and co-
workers (26•33, 41) concerning hemispherical retiection from rough metallic 
and dielectric surfaces. Assuming a Gaussian distribution with ~tational 
' SJJllllletry for the facet orientation, the most probable orientation being 
parallel to the mean surface, they derived an expression for relative reflec-
, 
tance which in the plane of incidence, simplifies to: 
'° c-+, Q) 
p (1, 'f) . 
= g P C:'t', ~) [ G ("f, 9)/cos 9] exp (-c2ae. 2)+cos1 
g c., < 't.', n)/cos '1] + COB 1 
where f'( 1 ,.Q) = reflectance at incident angle i an~ viewing angle Q 
/' ( i ;i) = reflectance at the specular angle 
-11-
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(9) 
(· 
,!.• 
. i 
I 
' (7' ,n) • Preanel's law 
I . , 
"I • angle ot incidence w1 th reapeot to tbe tacet 
1' + Q 
• 2 
~•complex index ot refraction, com.posed oi·the real. in4a: of 
retraction, and the coetticient ot absorption 
G (i' ,e) = geometrical attenuation factor, which accounts tor ,eek1ng 
and shadowing effects 
oe. • facet orientation angle, equal to the angle between Ula 
normals to the mean aur/ace and the facet 
• 
Q - y 
. '· 
'I 2. 
c, g • .-?Xperimental constants 
Agreement with experiment was good tor several types of metallic and clielectric 
aurtaces. 
Harrison (35) has presented an excellent surver of the ear]J work 
4one iD the field of gloss measurement. 
It is apparent that, although each of the models presented here baa 
proved satisfactory for certain types of surfaces, no theo17 has yet been 
developed which adequatel.7 describes all surfaces. In addition, no aodel has 
been developed to describe the reflectance properties of rough printed sur-
faces.· It is to this end that the present research was directed • 
B. DeTelopment of Surface Configuration-Refiectance Relationship 
1. The lormal. Distribution 
The normal, or Gaussian, probabil1t7 tiatribution is given b7 
Equation 10 (30): 
p (o<) • exp 
where ~ 11 the independent variable 
)1,fr• mean and standard deViation, resp~tive~ J 
(10) 
The mean~ of a probability distribution 1a detined 88 the expec-
tation of the probability distribut:J·:'1, 'lr in simple terms, 88 the average 
value of o( • Jor man, systems the .. mean will assume a value ot zero. That 
11, a plot of P ( 6( ) versus°' will be symmetric about the point o( = o. 
!hus, 
p (c:x )· = 1 exp ( -
c:,,e.,, 2 
er 2 ) (11) 
The signi!icance of the standard deviation rr 1e illustrated in 
Pigure 3, which is a plot of the normalized Gaussian distribution, P { t ), 
where t = • The area under the curve between any two values of t 
gives the probability that t lies between those limits. Thus the area be-
tween t = ! 1 is the probability of o( being within one standard deviation of 
+ the mean, the· area between t = - 2 is the probabillty of o< being within two 
standard deviations of the me~, etc. The standard deviation, then, is a 
measure ot the width of the probability distribution. The area under the 
. + 
curve of Figure 3 between t = - 1 is approximately 0.683. Since the total 
area beneath the curve is 1.0, o< assumes a value within one standard deViation 
of the mean 68.3% of ~e t~e. Similarly,o< will. assume a value wit~ two 
standard-deviatio~ of the mean 95.4% of-the time, and will virtually always 
be within thl-e~ standard deviations of JJ' (99.'~). 
-13-
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Figure 3: Normalized Gaussicln 
Distribution 
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Figure ·4: Incident, Reflected, and. 
Transmitted Rays at a 
Facet 
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2. Surface Theory 
Ocmaider a rough surface to be composed ot numerous small facets, 
u shown in Figure 4, which reflect a portion' o:t the U,.sht incident upon them, 
transmitting the remainder into the interior of the substrate. The reflected 
light 1a composed, therefore, of light specularly reflected from the facets, 
light multiply.reflected betwe~ facets, and light· scattered from pigment 
particles and board fibers below the surface. The latter two phenomena are 
grouped together to form the diffuse portion of the reflectance. 
r I . ftgure 5 depicts a small areaot surface a ·s which containa 1118111 
facets. The normal to J'S will be called z. Light 1a incident upon S" S at 
an angle 1' measured from z, and reflectance is measured at a viewing angle 
;. The incident beam 1, the reflected beam r, and z, are all in the same 
pl~e, known as the plane of incidence. The time at~ed rate ot flow of 
radiant energy from a light source of radiance Ni, incident at an angle 'f, 
which falls within an element~ solid angle ~ Jl i end is incident on the 
surface element er s is 
(12) 
Similarly, for the renected radiant energy flow rate, 
(13) 
~ I is employed to emphasize that while the radiance of the source is assumed 
r 
constant over its entire area, the radiance of the reflecting surface is not. 
Thus & Br will vary with position on the surface, and with the incident and 
viewing angles, and oiuy a small surface area can be cons_idered at any one 
geometry. 
Renectanoe is defined as the· ratio: of the.reflected to the incident 
radiant energy flow rates (37)1 
,1 
f>f' • . r 
cS')1 (14) 
-15-
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Figure 5: Geometry at the Surface 
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or, when conaidered u percent reflectance (g].oss)i 
~Ir 
l>I' • 100 ~i 
1 
(15) 
Substituting F,quationa 12 and 13 into F,quation 15 Jielcla the tollowiDg ex-
I 
pre11ion tor percent reflectance: 
SP .100 
$ •r c5 Jt r cos Q 
11 a...n1 cos 1' 
· (16) 
Those facets 1D ,5 S which accept light wi tlw1 SJt1 and reflect it 
apeoularl.1 within ~.s2. 111U8't possess normals i within S.Sl.. The angle between 
. r 
• and the normals to these facets is called the facet orientation angle, and 
1a g1 ven the symbol °' , where 
Q - 1 
2 
(17) 
Let P (o< ) $5l.. be the number of facets per unit surface area with normals with-
in $.i, where P ( oe. ) is assumed to be the normal distri:t,ution with mean zero: 
p (o<) = a-.Jj# o( 2 exp (- 2ci2 ) 
The number of facets· within d S with normals within $.st is 
• 
a P (o<) &St S S 
( 11) 
Aasuming all facets to be of equal area a, the total reflecting area of the 
facets is 
. a p c~ ) s~c.. ~ s 
and its projection in the direction of the source is 
P ( <;,( ) ~ SL a s cos rj 
where; a the angle of incidence to the facet 1 +Q .. 
• 2 
-17-
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c,; 
!berefore, the rate ot reMmt 1Ur1J flow 1Dc14ent upon theae :t'acete 1a 
·•l 
i 1
1 
• a 11 P
 (~.) $ ..>1. 1 ~Jt S'S cos , 
(18) 
Aa previoual.J 1D41catecl, the aurtace facets will retlect·onl1' a . 
. 
portion ot the incident radiant energy, the remainder being tr81U1111itte4 to 
the pigment and board fibers below. The reflected traction 18 represented bf 
Jresnel's law, which, tor a particular facet ori~tation, mq be given u (7). 
J • I [ ain2 (~ - ~·) + tan2 (,! - 2''~ (19) 
li:IJ.2 (- + ;•) tan2 (- + ;•)~ 
• 
where ~· • angle between the trana:i.':te4 ray ~ the tar,t normal (angle of 
transmission) as shown in 11gure 4 
•-arCBiD (8 1n ~) 
n 
n • index of' retraction of the retlecting medium 
'!he angle of incidence, ,, is as defined aboTe. Therefore, the rate of' now 
of' radiant energy specularly reflected is 
$1 • .,~11(1) 
r,s 
(20) 
Two other phenomena which occur at the surface have not yet been men-
tioned. These are maak1ng, which is the obstruction ot reflected radiation 
trom a tacet by an adjacent facet, and shadowing, which is the blocking of 
incident radiation to a facet by an adjacent tacet. These phenomena are 
illustrated 1D :Pigure 6. They are :tunctiona of the incident end Tiering angles, 
and are represented by the geometrical attenuation factor G. The analytical. 
expression for G has been derived by Torrance and Sparrow (33) with the follow-
ing simpl11'71Dg assumptions: 
a, the root-mean-square surface roughness is comparable to, or greater 
than, the wavelength ot the iDci4ent light 
-18-
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Figure 6: a). masking 
b) shadowing 
c) masking and 
shadowing 
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b. each facet f0%'1111 one •14• ot a 8J111Mtr1c V-grooTe can.tr 
o. the loagjtu41nal ax1a of each can.t7 is parallel to the pllne 
of the mean aurtace 
4. the upper edges of all cavities lie in the 1ame plane 
G.ie the traction of the illuminated facet that actually contributes 
to the refiected intensitJ, and is giTen by F,quation 21: 
ft 1 1 - (1 • A
2)1 
• • - A 
·where A depends upon the geometry as follows: 
a. -w' / 4 ~ · 1 S ~ /2, O ~ Q ~ ., 1- if" ( 
2 •.. 2 [c 1 
•in ;, - cos ;,_ ~ /2J 
A• ooa2 [ (1- ~)/2] -cos ( - Q) s1n2 f 
,.o 
A ,
1n2 o - cos2 [c; -1>121 
• 2[ 2 008 (Q -i)/2] - COS (Q -1') Bin Q 
(21) 
(22a) 
(22b) 
(220) 
Inclusion of F,quation 18 and the geometrical attenuation factor 1D F,quation 20 
J1.elda 
, 
& I • l' Ga 11 P (cx)~Jl.1 £.st S'S ooa I r,a 
But by F,quation 13 
S fl 
8
•SJf aSl.. ES cos Q 
r, r,s r 
and, following Rense (38) · 
&~ $:SL.------4 008, 
. -20-
(23) 
(24) 
(25) 
, . 
/ 
'i· 
i 
!herefore 
(26) 
the 41ffuae radianoe term . 'fNq be aaeumecl · to follow Lambert' a laws 
(27) 
Subetitution of F,quationa 26 and 27 into »luation 16 Jielcls the ex-
pression for percent reflectance tor the small solid angle of reflectance ~Jl.r: 
!o obtain the actual percent retlectanoe,~Sl must be replaced by the solid r 
angle .Sl r act~ subtended by the receptor ot the instrument emplo7ed for 
the measurements. Thia is done by snm1ng F,quation 28 over all values 5J7.. r 
for a given geometry, or by reducing 5 f' and .f .Q to the ditterential quan-r 
tities df' and d Slr and integrating. In either case, it the receptor ii 
amall enough, all factors 1n F,quation 28 can be considered oonst-.nt tor given 
Taluee ot 1 and Q, and the result is 
f • lOO [ 4,rJ2":..r. cos 'f P G exp (- :: 2 ) Jl r + k cos Q Jlr1 (29) 
- ,, ~ ... ··--::-·., .. J' "'.I ••• 
·.l 
- _J 
:.'. 
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Samples ot thirteen difterent paperboards, of which seven were coated 
boards, were obtained trom two 1118Zlutacturers •. ··The ·boards varied widely in 
amootlmess, texture, and gloss; the coated boards generally presenting the 
amoothest and glossiest finish. Property variatioDb were obtained during 
manufacture employing ditterent calendar solutions on the uncoated grades, 
incl by varying th~ binder level on the coated grades. 
'. 
The ink was a smgle sample of a gloss-testing orange (Interchem . 4' 
)1 Printing Inks, Division of Interchemical 
Corporation, Elizabeth, Bew Jersey). 
:i !he :Ink Jiad good gloss differentiation properties. A spectral refiectance 
·, curve for the ink on · a print exhibiting full coverage appears in Pigure 7. 
'i~ 
B. ~uipment 
1. Surface Roughness Analyzer 
SUrfaoe roughness measurements were made with th:e Brush Surface 
Analyzer, model MS-5000 (Brush Instruments Division, Clevite Corporation, 
Cleveland, Ohio). The instrument employs a diamond stylus probe, model 
148-1100, with a stylus radius of 0.0005 inch. The stylus is opera~ed by an 
electro-hydraulic probe drive, model MS-1400, with adjustable stroke length 
and speed. The sensitivity is controlled by a surfindicator, model MS-1000, 
which is connected to a Mark II recorder. The recorder bas an adjustable 
chart speed, and employs electric styli to give.separate traces of rouglmess 
. -
. t 
and either root-mean-square average or arithmetic average roughness on hear 
sensitive chart paper. 
) 
100..--.... ,.....-... --..... --..---..---..-.--..-... 
Sample: Ink S-18 
90 
Comparison: Baso4 . 
Geometry: Sphere, specular induded 
80 
70 
60 
4 
' 
r 
50 
40 
30 
20 
10 
0~-.....1~-...a.--....._ __ ...... __ _._ __ .a... __ ,._.,,J 
400 440 480 52:> 560 600 640 680 
Wavelength. nm 
Figure 7: Spectral Reflectance Curve for· Gloss-
Testing Ink S-18 
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2. Specular Glosameter 
Spec:ular gloss was measured with Gardner llulti-angle Gloseaeter, 
model GG-9095 ( Gardner Laboratories, · Inc., Bethesda, Id.). The instrument 
. employs white incandescent light, and can measure specular gloss a
t 20°, 
450, 600, 75•, and 550. A polished black car.rara gl.a.es tile was used as a 
standard for calibration. The source apertures for both 75° and 85° a
re . 
circular, and o.a cm. in diameter. The 75° receptor aperture is c1rcul
ar, 
with a diameter of 2.8 cm., while that for 85° is rectangular, wit
h dimen-
aions of 1.4 cm. x 1.0 om. 
:,. Coniophotometer 
A. Brice-Phoenix Universal. Light Scattering Photometer, series 
1999-7 (Phoenix Precision Instruments Co., Philadelphia, Pa.) was modified 
tor use as a goniophotometer. The instrument employs a mercury-v
apor light 
source, contains four neutral filters of known transmittances to con
trol 
incident intensity, and has several :tilter systems for isolating v
arious 
1hadea of monochromatic radiation. Readings are obtained on a galv
anometer 
connected to the photoelectric cell of the receptor. 
A. source aperture of dimensions 1.5 cm. x 0.4 cm. was employed for 
reflectance measurements in the machine direction. The aperture w
idth was 
reduced to 0.2 cm. for measurements across the machine direction, sin
ce the 
samples were narrower in this direction. The receptor dimensions 
of 1.0 cm. 
x 0.3 om. were the same 1n both cases. A schematic diagram of the app
aratus 
is shown in figure a. 
Since the instrument was not originally designed for this type ot 
work, a plexJ.glass sample holder was constructed. This de:nce con
eisted ot 
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Figure 8: Schematic Diagram of the Modified 
Brice-Phoenix Light Scattering 
Photometer: A) Mercury vapor 
light source, B) color filters, 
C) neutral filters, D) collimating 
slit E) sample, F) receptor slit, 
G) photoelectric cell, H) galvano--
meter 
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two parts: a square, fiat base on which protractor markings were carved, 
and which fit anugq into the sample compartment, and an upright section, 
which rotated on a pin projected upward from the base, to which the sample 
was secured. A sketch of- the sample bolder is shown 1n ftgure g. A polished 
blaclc.carrara glass tile was used as a standard for cal.1brating the instrument. 
c. Experimental Procedures 
1 •. Surface Roughness Measurements 
!rhe probe automatic drive on the Brush Surface AnalJzer was adjusted 
. . 
to a stroke length of 0.5 inch, and ci s·.;roke speed of 1/80 incll/sec. A chart 
sensitivity of 20 micro-inches (app-oximately 0.5 microns) per chart diruion, 
and a chai't speed of 5 mm/sec. for coated boards and their prints, and 
4\ 
25 m/sec. for uncoated boards and their prints, were found to give the most 
satisfactory combination of accuracy and chart readability. A trace was first 
made near the center of the sample, 1n the machine direction; then the sample 
was rotated 90°, and a trace was made in the same area of the sample, across 
the machine direction. In this maimer, roughness and root-mean-square rough-
ness traces were made on all board and print samples, in and across the 
machine direction. A typical trace is reproduced in :Figure 10. 
!rhe traces were analyzed by counting the total number of max1ma and 
m1n:Jma 1n the trace. This number was designated as the roughness of the 
sample. 
2. Specular Gloss Measurements 
A polished black carrara glass standard was placed over the aperture 
of the gl.ossmeter, the selector lmob was set at the angle of interest, and the 
calibration dial was ac13usted until the correct standard gloss value was 
-26-
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· Figure 9: Goniophotometer Sample 
Holder \ 
-27-
A 
8 
\ 
. )' 
_ _,_,..-f r • ••rl _....,....r,-, •,• 
... :....' - ...... · ··--···~
-, ~· ••• . -'4,. - ....... _ _.1 
Figure 10: Typical Brush Roughness Trace 
A) Roughness 
8) Root- mean-square Roughress 
indicated on the meter (e.g., 99% tor 75°, 10<>% tor 85°, etc.). The 
11tandard was replaced with a board or print sample aligned 1n th
e macMJie 
41rection, and the gloss value from the meter was recorded. The
 sample was 
then rotated 90°, and a gloss value across the machine direction 
was obtained. 
This procedure was repeated for all samples at all angles. 
,. Goniophotometer Measurements 
The 578 m;i filter system was chosen for use with photometer, sin
ce 
it most nearly approximated the pigment color. This system cons
isted of two 
component filters, one red-yellow and one blue-green. After thi
s filter 
system was 1n place, the apparatus was calibrated. Neutral filte
r 1-3 were 
inserted to attenuate the incident beam. A polished black carra
ra glass 
standard was placed in the sample holder and tr holder was adjusted to the 
appropriate incident angle (75° or 85°). Wit~ the· shutter closed to block 
the incident beam, the galvanometer reading was adjusted to zero. The 
receptor was then set at the specular angle, the chutter was op
ened, and 
the coarse and fine adjustments were dtilized to set the galvanometer 
reading to 10.0. Thia standardization procedure was repeated at
 halt-hour 
intervals during use. 
With the shutter closed, the standard was replaced by a board or
 
print sample. The receptor was set at a viewing angle of 45.
0
, the shutter 
was opened, and the neutral filters were adjusted to give the largest on-scale 
reading attainable. The viewing angle was increaaed at 5° interva
ls, the 
neutral filters being continually adjusted to keep the galvanometer reading on 
scale, until a viewing angle 5° less than the specular angle was 
attained. 
Thereafter, the viewing angle was increased at 1° intervals unti
l 900 was 
reached. Thie procedure was repeated with the same sample three
 additional 
-29-
tiaea, once as given above, and twice with the sample rotated 180°. 
Therefore, the reflectance values obtained were the average ot tour separate 
readings, a procedure necessitated by the inconsistencies in the bOard surfaces. 
!he galvanometer intensity is defined as the gal'VIDOmeter reading, G, 
41 Tided b1 the product ot the transmittances '1"' 1 ot the neutral filters :in 
place when the reading was takens 
(30) 
The specular refiectence value of the standard, r'st' is lmown, and the in-
tensities of the standard, It' and sample, I , are known through 1'quation 30. 
s sa 
Therefore, the sample refiectance at any viewing angle, f'sa' is given by 
,,a at 
I 
ea 
D. Determination of Roughness-Reflectance Parameters 
Equation 29 contains three param~ters which must be determined. 
(31) 
a and er are associated with specular reflectance, and k is associated with 
the diffuse term. The diffuse term is a oonstant, indicating that as the 
specular term deceys to low values, the refiectance should decay to a con-
stant, measureable value. As will be discussed more fully in Chapter IV, the 
experimental curves obtained in this work decay to zero at viewing angles 
below about 60°. Thus, the diffuse term can be safely ignored in the cal-
culation of theoretical reflectance curves. Setting k equal to zero, 
F,quation 29 becomes 
troos 1 10 a 
°"2 
1 G exp ( - 2 ).nr 2 (f' 
(32) 
-,o-
The receptor solid angle .Jt muat be 4eiermined before thia 
r 
equation can be useds 
..nr 
tan 2 • tan 
i receptor width 
path length from sample to receptor 
1·5 Jlll!l 
• 35 mm 
:eut tor small angles, tan Q ':::' Q. Theretore, 
Jl r:::; 0,086 steradians 
Thus, Equation 32 becomes 
c:r ooa -f 0.86 a 
°' 2 F G exp (- 2d' 2 ) 
(34) 
The value of the standard deviation for each sample was determined 
b7 calculating reflectance curves, with Equation }5, and choosing the value 
ot tr which caused the calculated reflectance maximn.lm to occur at the same 
viewing angle, 0 , a.a the experimental mrucimum. Such curves were calculated 
max 
for incidence angles of 75° ond 85°. Because the whotometer used was not 
originally designed for uae as a goniophotometer, tthe angle measurements are 
accurate only to about + 1°. Thus a range of O" vaJl.ues was obtained over the 
-
viewing angle range O + 1°. 
max -
The range of facet area values II a" , for e,ach sample, was then deter-
mined. Since the calculated curves only approximatmly reproduced the sbape of 
the experimental curves, a.e will be discussed furtlher in Chapter IV, and since 
the experimental reflectance values were accurate to+ lo%, the range of 
-
values of a determined tor each sample Waft that ramge which yielded epeoular 
refiectanoe values within lo% ot those obtained exn>erimentally. Specular 
retleotanoe was chosen, rather than maximum reflec.!ltanoe, since this criterion 
seemed to yield bater overall correspondence between the shapes ot the 
experimental and calculated·curves. 
In calculating renectance curves tor the b0ar4s a·retracti-re ' • I ' ' -
index of 1. 56 was emplo;yed ( 42) , while tor the prints, the refractive 
index ot the vehicle was taken as 1.44 (43). ·~ 
,, 
• 
. , 
-,2-
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IV. RESULTS AND DISCUSSION 
A. !rushBougbness - Specular Gloss Relationshipe 
Specular ,gJ.oss measurements on all boards, mid--on ~rints' mad.• with 
8 and 12 micron ink film thicknesses on the plate,. were plotted v
ersus Brush 
roughness measurements. The resulting plots at 45°; 60°, 75°, and
 85° inci-
dence in the machine. direction are given in Fi~es 11 and 12 •. In ·gener
al, 
specular gloss increased with increasing angle of incidence throu
gh 75~, and 
decreased at 85°. As the figures indica:te, the decrease 1n gloss 
at 85° was 
more significant for the prints than for the boards. Also, spec
ular gloss 
generally increased with decreasing roughness. However, at 45°, 
60°, and 
75° incidence, this decrease followed separate correlation curves 
for the 
boards, and for each series of prints differing by board type (coated or un-
coated) and manufacturer. At 26° and 85° incidence all boards and prints fell 
close to a single correlation curve. For glossy boards, print g
loss was 
generally lower than board gloss. The opposite effect was observ
ed for the 
matte boards. 
~o satisfactory explanation can be offered for the decrease in g
loss 
at 85° incidence. Fresnel's law, Equation 19, predicts increasing
 reflection 
with increasing angle of incidence. Thus it would be expected th
at 85° gloss 
sho~d be higher than 75° gloss. 
Single correlation curves at 20° and 85° incidence are probably d
ue 
to vecy low, ·and very high, reflection, respectively, at these an
gles. In the 
former case, gloss never went beyond 4.5%, and the reflectance wa
s too low to 
. distinguish between differences in surface configuration among t
he samples. 
In the latter case Fresnel's law predicts very high 7;eflection, a
nd differences 
' 
-
; . ' 
in surt.~e- ~o~;Lgur~tion m,q be mask,ed by tlµ.s high. reflectance. · 
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De ink appeared to bide the gloss of gloss1 boards, while eJJbancing 
that of matte boards. 
!. Elperimental vs, Calculated Reflectance Curves 
Experimental reflectance curves for all boards and printed samples, 
1n end across the machine direction, at 75° and 85° incidence, are included 
1n Appendix A. The curves exhibit maximtun reflectance at a viewing angle Qmax 
which is somewhat larger than the specular angle. The calculated curves gen-
erally approximate the shape of the experimental curves, with several qualif-
ications. The calculated curves drop off to zero at a viewing angle of 90°, 
while the experimental curves do not. Also, for values of er greater than 
approximately 4,5, the 85° calculated curves reach a sharp maximum at about 
as0 , then drop off sharply to zero. The experimental 85° curves generally 
do not exhibit such a sharp maximun, or a.r-,9 off as rapidly beyond this 
maximum. 
Tables I - IV in Appendix B give the values of standard deviation 
and facet area for the print samples in the machine direction. Since the 
etcndard deviation and facet area are properties of the surface, and are 
not dependent upon incident angle, it is expected that analysis of each 
sample should yield the same value of er and a, within experimental error, 
at 75° or 85° incidence. Such a result was almost never observed. Indeed, 
I 
it was often impossible to determine the upper bound of the range of er for \ I 
l 
the 85° curves, due to the shapes of the calculated curves. Theo- values ) 
agreed, within experimental error, in only three cases, while the values of 
a did not agree for any of the samples teated. The er and a values were 
always significantly t')'eater at 75° incidence than at 85°. 
11.gure 13 is .a plot of gloss versus standard deviation for the 
print samples. In general, gloss decreased with increasing standard 
deviation. 
The similarities between :Figures 12 and 13 are obvious. Separate cor
relations 
between gloss and~ are obtained at 75° incidence, while no such conc
lusion· 
can be drawn from the 85° data.· ·The standard deviation is directl.r re
lated 
to roughness, in that the larger the value of ~ , the. more the surface 
varies from a mirror surface·(see Chapter II). That is, the wide~ the dis-
tribution·of facet slopes, the rougher the surface becomes, and the m
ore 
facets (or, 1n terms of Brush roughness,. the more maxima.and·minima) per 
unit surface area are present. 
11.gure 14 is a plot of gloss versus- facet area for the print samples
. 
Gloss generally increased with increasing facet area. A surface with la
rge 
facets produces leas scattering, and thus, more specular reflection,. 
simply 
because there are fewer facets per unit surface area to deflect light
 in a 
non-specular dire.ction. As Figure 14 indicates, a single correlation
 curve 
) 
between gloss and facet area was obtained at both 75° and 85° il:tcidenc
e. 
These results can be summarized by stating that as facet area in-
creases, and standard deviation decreases to zero, the surface approa
ches a 
mirror surface, and the reflectance approaches mirror nefiectance. 1... • 
As discussed in Chapter III, the value of facet area a was determined
 
by matching calculated and experimental reflectance at the specular a
ngle. 
T~bles V and VI in Appendix B illustrate the correspondence between th
e cal-
.culated and experimental reflectance maxima for the print samples at 
75° , and 
85°, respectively. The calcuiated values were determined using the ra
nge of 
values of a obtained by matching specular refleatances. The maxima d
o agree, 
within experimental error,~·~ of the .sample~, as determined by 
the 
overlap of the experimental and c~culated ranges. Thus, the theory 
can be 
~ ) 
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made to predict the r~fl.ectance properties of these printed surfa
ces fairly' 
well. 
T·b~e~ VII' - XII in App~dix B illustrate the. results- of a ~t,P~ 
.theoretical ~sis of the reflectance data taken across the 111
8.Qhine direction. 
In general, the values of the standar.d deviation were higher, an
d the values 
of the facet area were lower than those obtained for the correspo
nding print, 
samples in the machine direction. The experimental curves were 
generally 
lower and wider than those in the machine direction and the refle
ctance 
max1ma occurred at slightly greater angles. All of these result
s are to be 
expected, since the prints are rougher across, than they are .in,
 the machine 
direction. The higher value of g max' combined with the shapes 
of the cal-
-. culated curves, introduces a serious complication, in that fo
r many of the 
rougher prints it was impossible to determine either o- or a. . T
he corres-
pondence between calculated and experimental reflectance.max:ima 
was not as 
good as that obtained in the machine direction. 
In all cases, the reflectance measured by the goniophotometer wa
s 
amaller than that measured by the specular glosameter, al.though 
85° reflec-
tance was greater than 75° reflectance at both the specular angle
 and at 
g • The lower goniophotometer reflectance is due to the fact
 that the 
max 
goni9photometer _employed monochromatic light, while the specular 
glossmeter 
employed white incandescent light. 
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. V. CONCLUSIONS AND RmOMMENDATIONS 
!be present research was directed toward an understanding of the· 
_JD8Dl1er _in which printed- surf~es refiect light. We lloped that the re:rieotance 
properties ot such surfaces could be explained in terms of meaningful peysica.1 .,, . 
properties of the surfaces, instead of the purely empirical, and physically 
meaningless, parameters generally employed in the correlation,of theory and 
experiment for such systems. To the author's knowledge, such an approach bas 
I 
never been applied, in a truly rigorous manner, to printed surfaces. The 
' ' 
results are encouraging, although significant discrepancies between theory 
and experiment in several Ell'.eaa indicate that modifications are necessary 
before the theoretical formulations can be considered completely successful.. 
The major results of the study may be summarized as follows: 
a. specular reflectance decreases a.s the surface roughness, measured 
by any of several parameters, increases 
b. maximum reflectance occurs at a viewing angle which is somewhat 
larger than the specular angle, due to Fresnel reflectance 
overemphasizing those facets with slopes greater then zero 
c. the geometry of illumination and viewing can drastically affect 
the reflectance properties of prints, especially glossy prints 
d. the reflectance model, as developed here is a sinl~lified form 
with two adjustable surface parameters, can be made to fit the 
experimental reflectance data adequately, but the parameter 
values obtained are not realistic, since the values calculated 
at two different incident angles do not agree within experimental 
· error. 
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The discrepancies between theory and experiment are the result o
f 
certain idealizations in the model, ·Which is similar to several 
models which 
have been applied, with some success, to surfaces such as ground
 glass and 
.roughened metal. Such surfaces~ which generally are prepare4 by
 grinding 
with a tmiform abrasive, are composed of small, irregular chips 
which approx-· 
'. 
:lmate small, specularly reflecting facets. A board surface, how
ever, is composed 
of fibers which are generally irregular in their shape and alignm
ent. It 1a 
·to be expected that the surface of a print will, to some degree
, reflect the 
configuration of the substrate on which it is formed. Thus, the
 surface of 
a print may be significan~ly different from that of ground glass
 or similar 
surfaces, and the assumption of small facets of equal areas form
ing symmetric 
V-groove cavities whose slopes are distributed according to the 
normal dis-
tribution is open to considerable que·stion. Until a method is fo
und for 
studying the surface configuration of prir" )d materials directly, the present 
the~ry cannot be ma.de completely rigorous. 
The author believes that thi~ can, and should, be done. The con
tinued 
development end improvement of such methods of surface study as 
scanning 
electron microscopy may be of great value in the determination o
f surface 
configuration. Once.such a method baa been realized it will be 
possible to 
determine, in advance, and to a high degree of accuracy, the refl
ectance 
properties of any print-substrate combination. 
In the meantime several steps can be taken to improve the presen
t 
theory. It is possible that a distribution other than the norma
l distribution 
may more adequately describe the facet orientations. The elimina
tion of the 
assumption of symmetric V-groove cavities wit~ longitudinal ax~s 
paraliel to 
the plane o:t the mean surface and with. the upper edges all lying
 in the same 
plane may increase the model accuracy, although this would complic
ate the 
-42-
,, 
" 
development of the geometrical attenuation factor. 
As has been previously mentioned, the instrum~t employe~ in the 
. 
.-, ' . 
experimental work was not ~riginally ~esigned fpr 'this purpose, and several 
problems arose from this f~ct. The method of detednination of ·1ncident and 
T.lewing angles was not sufficiently acclll'at~, and the angular resolution of 
the receptor was not acceptable. . In view of these equipment shortcomings, 
the accuracy obtained is perhaps as good ·as can be expected. 
-43-· 
APPENDIX 
A. Experimental Reflectance Curves 
1, 
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B. Comparison of Experimental and Theoretical Reflectance Data 
'., -· 
!l'able·I& Poeitionof Retlectance Maximum, Qmax' and .Value and Rallge 
Board 
A1-0485 
!2-0189 
A3-0248 
A4-0750 
A5-0604 
A6-0648 
A7-0009 
B1-0228 
B2-1369 
B3-0185 
B4-0943 
B5-0514 
BG-0878 
of Standard Deviation, a-, for Print Samples at 75° Incidence, 
In the Machine Direction. 
Print ~ deg. er, deg. , er range, deg. 
Coated Boards 
Bfl 79.0 4.75 4.10-5.30 
12f 78.5 4.40 3.a0-5.oo 
Bf 79.75 5.10 4.60-5,70 
12f 79.75 5.10 4.60-5.70 
Bf 78.0 4.10 3.40-4.75 
12f 78.0 4.10 3.40-4.75 
Bf ao.o 5.30 4.75-5.80 
12f 79.75 5.10 4.60-5.70 
BJJ 78.75 4.60 3.90-5.10 
12f 80.5 .5.50 5.00-6.00 
Bf 79.5 5.00 4.40-5.50 
121' 80.5 5.50 5.00-6.00 
Bf 80.5 5.50 5.00-6.00 
12f 80.25 5.40 4.80-5.90 
Uncoated Boards 
Bf 79.0 4.75 4.10-5.30 
12/ 77.75 4.00 3.20-4.60 
Bf 81.0. 5.80 5.30-6.20 
12f . 81.0 5.80 5.30-6.20 
Bf 80.5 5.50 5.00-6.00 
12f · 79.25 4.80 4.25-5.40 
Bf 79.5 5.00 4.40-5.50 
.. 121" ao.o 5.30 . 4.75-5.80 
. Bf 80.0 5.30 4.75-5~80 
12f 79·.5 5.00 4.40-5.50 
a, 80 .• 25 5.40 4.ao-5.90 
12f 79,75 5.10 4·.60-5.70 
·-71-
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Table II: Position ot_Refiectance Maximum, Qmax' and Value and Range 
I . of Standard Deviation, er, tor Print Samples at 85° Incidence, 
j 
In the Machine Direction 
Board Print '-.x, deg. er, deg. a- range, deg. 
,. 
Coated Boards 
!1-0485 Bf 8~.25 3.40 2.60-
12f 86.5 2.70 1.60-3.55 
A2-0189 8/1 86.5 2.70 1.60-3.55 
12t 87.0 3.20 2.25-
A3-0248 Bf 86.25 2.60 1.20-3.40 
12, 86.75 · 3.00 ~.00-3.70 
A4-0750 ay 86.5 2.70 1.60-3.55 
12/ 86.5. 2.70 1.60-3.55 
A5 .. 0604 81' 86.75 3.00 2.00-3.70 
12f 86.5 2.70 1.60 .. 3.55 
A6-0648 Bf 86.0 2.25 0 .. 3.20 
12f 87.5 3.55 2.70-
~; . ' 
A7-0009 Bf 86.5 2.70 1.60-3.55 
l,:. 121 
:', 
87.25 3.40 2.60-
i''. Uncoated Boards 
B1-0228 8/ 86.5 2.10 1.60-3.55 
12)1 86.0 2.25 0 -3.20 
B2-1369 Bf 87.0 3.20 2.25-
12f' 87.25 3.40 2.60-
B3-0185 Sy 86.5 2.70 1.60-3.55 
12f 86.25 2.60 1.20 .. 3.40 
B4-0943 BJ1 87.25 ,.40 2.60-
12f 87.5 3.55 2.70-
B5-0514 Bf a7.5 :,.55 2.70-
12)' 87.0 3.20 2.25-
B6-0878 .· Bf 87.0 ,.20 2.25-
j ,- 121 87.0 ,.20 2.25-
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Table III: Specular ~eflectance, f spec, and Value and Range of Pacet 
Area, a, tor Print Samples at 75° Incidence, In the Machine 
Direction 
Board Print Pspec, % 2 a ranse1 ;· a,JJ 
' 
; 
Coated Boards 
A,1~0485 8~ 6.3 37 .• 4 33.s-40.a 
12f 7.9 43.4 39.0.,4"''· * • •\1,., ., 
' .. ,· ,. 
A2-0189 8f 5.0 31.a 28.6-35.0 
12f i.,. 6. 7 42.6 38.1-47.2 
A3-0248 8p 8.6 44.0 39.4-48.8 
12f 10.3 52.a 47.6-58.0 
A4-0750 Sy . 9.5 62.8 56.2-69.6 
12f 4.9 31.2 I 28.0-34.4 
A5-0604 8/ 4.a 27.6 24,6-30,4 
12f 5.3 36 .. 4 33.0-39.8 
A6-0648 Bf 4.0 25.0 22.4 ... 27.4 
12f 5.1 35.0 31.6-38.4 
A7-0009 Bf 3.5 24.0 21.2-26.8 
121· 4.1 27.6 25.0-30.4 
Uncoated Boarda 
B1-0228 Bf 7.3 43.2 39.a-47.4 
12/ a.a 44.0 39.4-45.4 
B2-1369 Bf 3.3 23.a 21.8-26.0 
12f 4.1 29.a 26.8-32.6 
B3-0185 ~~ 5.3 36.4 33.0-39.8 7 .1. 42.6 38.4-46.8 
B4-0943 Bf 5.5 34.4 30.6-38.0 
12y 7.3 48.4 43.6-53.0 
B5-0514 8f 4.4 29.2 26.4-31.8 
121' 5.5 34.4 30.6-38.0 
B6-0878- . Bf 2.6 17,6 15.6-19.6 
·12/ 1.B 11.4 10.2-12.s 
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Table IV: Specular Reflectance, !°spec, and Value and Range ot :Pacet Area, a, 
~~:· 
tor Print Samplea at 85° Incidence, In the Machine Direction ! 
. ,,1 
JE ?ti :Board Print f'spec, % 2 . " . 
, 2 a, JJ a range,"' 
\V 
r J 
rr 
;f 
iJ .. Coated Boards 
;r- ' 
p 
/Ir 
T 
A1-0485 Bj 9., 5.30 4.7e-5.s2 
·~ :-' 
i· ,~ . 12f 13.1 5.92 5/54-6.52 r~:. 
,1 · 
··'t'• A2-0189 Sf 12.e 5.ao 5.20-6.;8 it: 
eiT ! ~ 12y 24.9 13.4 
12.0-14.7 
, ,f\ tt ~r . A3-0248 8.t' 16.7 7.28 6.54-8.02 
tF 12.f 17.8 a.94 8.04-9.84 
f :•,- A4-0750 8.f 21.3 9.64 8.68-10.6 ); 
:'(:· 12( 22.6 10.2 9.20-11.2 
', 
> 
., A5-0604 81' 6.44 5.70-7.08 
' 
12.8 
~ :, 
: ~ \ 
~: 1~1' 14.4 7.52 5.88-7.16 
l .. ,; r 
'• l· A6-0648 Bf 13.6 5.12 4.60-5.64 , .. \ 
t~ l 
,;."1 12f 12.a 7.60 6.82-8.38 
'' \" 
!7-0009 Bf 12.6 5.70 5.12-6.28 
12( 9.4 5.36 4.84-5.88 
Uncoated Boards 
B1-0228 a;,; 12.; 5.56 5.02-6.12 
12f 16.9 6.36 5.12-1.00 
B2-1369 By 6.9 3.70 3.32-4.08 
12f 9.3 5.30 4.7a-5.a4 
B3-0185 :Bf 9.1 4.12 ;.70-4.52 
12r 11.2 4.88 4.42-5.36 
B4-0943 Bf· 8.9 5.06 4.56-5.64 
12/ 16.5 · 9.ao 8.80-10.8 
B5-0514 8.f 8.3 4.92 4.44-5.40 
12f 12.0 6.44 5.80-7.08 
B6-0878 Bf 8.2 4.40 ;.96-4.82 
; 
I 
t 
_.12f .-7.1 ;.so 3.42-4.18 (: 
ti·. 1-> ;t, 
I ~ ( . ~; r;'·;'. 
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!!able V: Comparison ot Experimental =4 Calculated Reflectance :Maxima, 
f' mu. 8 andf max O, tor Print Samples at 75° Incidence, In the ' , . -
llachine Direction 
Board Print P.max1e' ti, '° max range,% f max,.c'!, . ,,0 max1crange,~ ,.e 
/~! .. 
'! Coated Boards . .'.; -~ :I ·~i, A1-0485 Bf 7.7 6.9-8.5 6.8 6.2-7.5 tiJ:, 
f: ' (: 12}' 10.3 9.3-11.3 8.5 7.7-9.4 ,. 
,.j:. A2-0189 Bf 9.6 8.6-10,6 5.5 5.Q-6.1 
12Jl 16.8 15,1-18,5 7.4 6.7-8.2 
A3-0248 Bf 10.3 9.;-11.3 9.2 a.2-10.2 
12f 14,6 13, 1-16.1 11..0 10,3-12.2 
A4-0750 8)1 14,4 13.0-15.a 10.6 9.5-11,7 
12.f' 16.7 15,0-18.4 5.4 4,9-6.0 
!5-0604 Bf 7.2 6.5-7,9 5.2 4,7-6.0 .. 
12f 10.6 9,5-11. 7 6.0 5,4-6.5 
. A6-0648 8}" a.o 7.2-a.a 4.4 4,0-4.9 
12f 9.0 8.1-9,9 5,7 5.2-6.3 
A7-0009 Bf 6.6 5,9-7,3 3.9 3,5-4.4 
12/1 6.6 5,9-7.3 4.6 4.2-5.1 
Uncoated Boards 
B1-0228 Bf 9.5 8,5-10.5 7.9 7.3-a.7 
12f' 11.5 10.3-12.7 9,4 8.4-10.3 
B2-1369 Bf 4,6 4.1-5.1 . 3.7 3.4-4.1 
" 
121 6.0 5,4-6.6 4.7 4.2-5.1 
·-f', 
~-·' . 
I·;· 
f.· B3-0185 Bf 7.0 6.3-7.7 6.0 5,4-6.5 
},!. 
1: 
f 12f 9,6 8.6-10.6 7,6 6.8-8.3 ·, {,-r 
(,! 
~} B4-0943 Bf 7.2 6.5-7,9 6.1 5,4-6,7 
-, 
12f 12.2 11.0-13.4 8.1 7.3-s.9 
B5-0514 Bf 6,0 5.4-6,6 4,9 4,4-5,3 
15f' B.o 7.2-a.a 6.1 5,4-6,7 
B6-0878 Bf 3.6 ;.2-4,0 2.9. 2.6-3.3 
12y 2,6 2.3-2.9 2.0 1~8-2.2 
-75-
I 
Table VI: · Comparison ·ot Experimental end Calculated Retlectenoe Maxima, 
/' max,e and f' max,o' tor Print Samples at 85° Inc:l.~enoe, In 
the Machine Direction· 
Board Print f' max,e,% f max,erange,% ? max,c,% f'max,crenge,% 
Coated Boards 
.,· 
" 
,,,... ....... 
i: 
r !1-0485 81' ,,, 1'.~ .o 11.7-14.3 9.a a.9-10.a 
l ,: 
, .. 
-~ .. 12,v 15.4 13.9-16.9 13.6 12.3-15.0 
.. / 
{, 
,;:. A2-0189 Bf 16.2 14.6-17.8 13.3 12.0-14.7 
t 
·ii 12f 32.3 29;1-35.5 26.2 23.6-28.8 
,;! 
f'. A.3-0248 Bf 19.1 11.2-21.0 17.3 15,5-19.1 
12f 23.3 21.0-25.6 18.6 16.7-20.4 
i A4-0750 Bf 25.6 23.0-28.2 22.2 19.9-24.4 
'', 
. ' 
•' 12/ 29.4 26.5-32.3 23.6 21.2-26.0 i'; 
n 
:j,.• . 
.... •I· 
.ri· A5-0604 Bf 20.5 18.4-22.6 13.4 12,0-14,7 
•:.· ", 
1~f 15.0 · 13.5-16,5 15.0 13,5-16.5 
A6-0648 Bf 15,9 14.3-17,5 13.9 12,5-15,3 
12/ 17,6 15,8-19,4 13.6 12.2-15.0 
,i: A7.;.0009 Bf' 16.5 14.8-18.2 13.1 11.8-14,4 
·'f·1 
1. 12f 16.1 14,5~17,7 10.0 9.0-11.0 
•' l 
r 
' 
Uncoated Boards 
i· l\ 
i' 
'.} 
B1-0228 Bf 14.6 13.1-16.1 12.a 11,5-14,1 
J 12)' 18.0 16.2-19.8 17.3 15,5-19.0 
B2-1369 B.f 7,6 · 6.8-8.4 7,3 6.5-8,0 
\: 
·) 
12/ 11.7 10.5-12,9 9,9 8.9-10,9 
,t 
l B3-0185 Bf 10.2 9.2-11.2 9.5 8,5-10,4 
~ 
( 12f 11.6 10.4-12.8 11,6 10,4-12,8 
B4-0943 Bf 10.5 9,4-11.6 9.4 8.5-10.5 
. 
' 
12f' 21.a 19,6-24.0 17.5 15.7-19,3 
B5-0514 ay .14,6 13 •. 1-16.1 a.a 7,9-9.6 
1_2)' 15,7 14.1-17 .3 12.6 11,4-13,9 
B6-0878 Bf 12.2 11.0-13.4 8.6 7.s-9-.5 
12/ 11.5 10.:5-12.7 7.5 6,7-8,2 
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Table VII, Poei tion of Reflectance Maximum, Q , end Value and Range max 
J ' 
ot Standard Deviation,o-, for Print Samples at 75° Incidence, 
I - Across the Machine Direction 
Board Print Qmax' deg. cf1 deg. C1' range, deg, 
. , 
Coated Boards 
·~ .. "' . 
t A1-0485 Bf 80.0 5.30 4,75-5,80 
. 
. 
12f ao.5 5.50 5.00-6.00 
A2-0189 8f 79.25 4.80 4,25-5,40 
12)' 80.0 5,30 4,75-5.80 
A3-0248 8f 80.0 5.30 4.75-5,80 
12f 79,25 4.80 4,25-5,40 
A4-0750 aJJ 79,75 5, 10 4,60-5,70 
12)' 79,5 5,00 4.40-5,50 
A5-0604 8JJ 79,0 4,75 4, 10-5,30 
121' 78,25 4,30 3,60-4.80 
A6-0648 BJ' 79.0 4,75 4,10-5,30 
12.f 79,0 4,75 4, 10-5,30 
' 
A7-0009 8f 79,25 4.80 4,25-5,40 
12f 79.0 4,75 4, 10-5,30 
Uncoated Boards 
B1-0228 aj-l 79,25 4,80 4,25-5,40 
12f 79.75 5.10. 4,60-5.70 
B2-1369 Bf 80.0 5,30 4,75-5,80 
121 80,5 5,50 5,00-6.00 
B3-0185 Bf 80,5 5.50 5,00-6.00 
12.f 79.5 5.00 4.40-5,50 
B4-0943 Bf 79,75 5.10 4,60-5,70 
1i1 79,0 4.75 4.10-5,30 
B5-0514 Bf 81,0 5.80 5,30-6.20 
1~/ 80,0 5.30 4,75-5,80 
B6-0876 Bf ao.o 5.30 4,75-5,80 
12, ao.o· 5,30 4,75-5,80 
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Table VIIIs Position of Refiectance Maximum, Q , and Value and Range 
i; 
. 
max . 
1· ot Standard Deviation,c,-, for Print Samples at 85° Incidence, 
1 t 
. ·~ 
Across the Machine Direction 
,' 
.. 
~· 
1 Board Print Qmax' deg. a', deg. cf' range, deg. 
r 
Coated Boards 
:-A1-0485 ay 87.5 . 3.55 2.70-
·12 
'f 86.5 2.70 1.60-3.55 
!2-0189 Bf 87.75 3.70 3.00-
12f 88.0 4.00 3.20-
A3-0248 Bf 88.0 4.00 3.20-
12)' 88.0 4.00 3.20-
A4-0750 BJJ 88.25 4.20 3.40-
12,,µ 88.0 4.00 3.20-
A5-0604 Bf 87.75 3.70 3.00-
12f 87.0 3.20 2.25-
• 
A6-0648 
~f 87.5 3.55 2.70-
,, 
H 
.:; .. 12y 87.5 3.55 2,70-
~ 
·1 
,: A7-0009 By 87.75 3.70 3.00-
' 
·, 
12/ 88.0 4.00 3.20-
i, 
r 
.. 
;. 
I 
Uncoated Boards 
(, 
B1-0228 Bf 88.75 
12f' 88,25 4.20 3.40-
B2-1369 B.f a7.5 3.55 2.70-
12/ 88,25 4,20 3.40-
B3-0185 Bf 88,25 4.20 3,40-
12f' 88,5 
B4-0943 Bf. 88,75 
12f 88~0 4.00 3,20-
B5-0514 af 89.0 
~2f 89,0 
B6-0878 Bf 88.25 4.20 3,40-
. 12/ 89,0 
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Table IX: Specular Refiectance, ~pee' and Value and Range of Facet 
·, 
,::.' 
,.; 
e:: 
· Area, a, tor Print Samples at 75° Incidence, Across the 
·,-: 
Machin~ Direction 
· Board f> spec, 'I, · 
2 - 2 
~: 
Print ~ a range,JJ 
,, 
', t, 
t', 
' 
·, 
Coated Boards 
d 
!· 
'· f A1-0485 8f 4.9 
32.4 29.2-35.8 
,, 
. 
r 
,, 
121' 5.2 35.s 32.4-39.2 
> .. { i; !2-0189
 Bf 5.6 33.6 30.0-37.2 
;{ 
•\' 
12)' 5,9 39.0 35,2-41.2 
t 
~ 
A3-0248 BJJ 6.4 42.4 38.4-46.4 
{ 1211 7.2 
43.2 39.0-47.4 
1· 
i A4-0750 Bf 7,4 47.2 42.8-51,6 ;· 
' 
12_JJ. 8.1 50.6 45,0-55.6 
L 
!-:1. 
A5-0604 Bf 5.6 33.2 29,6-36.8 
I 12y 6.6 35.4 31.a-39.2 
A6-0648 Bf 5,7 . 33,8 30.2-37.4 
12j 5,2 30.s 28.0-33,8 
A7-0009 81' 5,2 31.2 28.2-34,2 
12f 5, 1 30.2 27
.2-33,2 
Uncoated Boards 
B1-0228 81' 5.4 ·32.4 29,4-35,4 
12.f 6.0 38,2 
34,4-42,0 
B2-1369 Bf 3.1 21.0 18.6-23,2 
12f 3.1 21.2 
19,2-23,4 
B3-0185 Bf 3,7 25,4 22.8-28.2 
121 5,5 34,4 
30.6-38,2 
B4-0943 Bf 4!2 26.8 24,2-2-9.2 
121 6.1 36,2 
32.6-39,8 
B5-0514 ~ 3.0 21.a · 19,6-24.0 
12f 4. 7, 31.2 
27,8-34,4 
B6-0878 _·af 3.0 19.a. 17.~21.a 
12f 2,8. 
18,6 16.6-21.2 
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Table I: Specular Refiectance, />. , anci Vallie and Range of Facet Area, 
· spec . · 
t,;,' a, for Print Samples at 85° Incidence, Across the Machine Direction 
• 
-'ft 
t 
"i 
t: 
-i1 . Board Print f spec' 'I, 
2 2 
' 
a,)' a range,/1 
\'X 
'· 
Coated Boards 
A1-0485 Bf 8.1 4.82 4.36-5.30 
12y 9.9 4.48 4.02-4.92 
A2-0189 Bf 9.9 6.12 5.52-6.76 
12y 10.0 6.68 6.02-7.36 
A3-0248 8/ 10.0 6.68 6.02-7.36 
12f 11. 7 7.a4 7.02-8.62 
A4-0750 8~ 9.2 6.48 5.84-7.12 
i: 
12/ 12.2 a.10 7.36-8.98 
1 
t {': 
A5-0604 BJ-I 7.a 4.84 4.34-5.32 
·, 
rt 
·/. 
12/ 10.0 5.36 4.a4-5.90 
A6-0648 Bf 9.3 5.52 5.00-6,04 
12/ 9.9 5.88 5.28-6.46 
A7-0009 Bf 9.4 5,82 5.26-6.38 
12,f 8,2 5.4a 4.96-6.02 
Uncoated Boards 
't\ B1-0228 8)1 7.5 
12f 8.8 6.20 5.56-6.82 
B2-1369 Bf 6.2 ;.68 3.32-4.04 
12, 5.7 4.02 3.62-4.44 
B3-9185 BJJ 1.0 4.92 4.44-5.44 
12f1 8.9 
B4-0943 BJI .6.0 
12, 8.2 5.4a 4.96-6.02 
B5-0514 Bf 4.5 
12f 5.1· 
136-0878 .·Bf 5.5 ;.ea 3.46-4.;o 
12/ 4.8 
. 
-so-
!able n: Comparison·of Experimental and Calculated Reflectance Max:ima, 
~-: 
/; 
.; 
f' max 
8 
and f' max O, for Print Samples at 75° Incidence, Across 
' 
. ! 
\
, ' -
the Machine Direction · 
:,· 
Board Print ,P n:ia.x,e ,~ p max, 8rimge,~ f' max,c'~ ,P max,crange,~ 
.,. 
\ Coated Boards 
A1-0485 Bf 6.8 6.1-7.5 5.5 4.9~6.1 
12f 7.9 7.1-s.7 5.9 5.3-6.5 
A2-0189 Bf 8.4 7.6-9.2 6.1 5.5-6.8 
12f. 11.2 10.1-12.3 6.5 5.9-6.9 
A3-0248 Bf 10.0 9.0-11.0 7.1 6.5-7.8 
1211 .13.3 12.0-14.6 7.9 1.1-a.1 
A4-0750 Bf 14.6 13.1-16.1 8.2 7.5-9.0 
' 
12f 11.8 16.0-19.6 9.0 8.0-9.9 
' 
' 
. -
A5-0604 8fi 8.7 7.s-9.6 6.1 5.4.;
.6.8 
12f 9.0 a.1-9.9 7 .1 6.4-7.9 
A6-0648 8? 9.3 8.4-10.2 6.2 5.5-6.9 
12y 8.5 7.6-9.4 5.7 5.1-6.2 
A7-0009 B)' 1.0 6.3-7.7 5._7 5.2-6.3 
12f 6.8 6.1-7.5 5.5 5.0-6.1 
Uncoated Boards 
B1-0228 8.f 6.8 6.1-1.5 5.9 5.4-6.5 
12}' 9.2 a.3-10.1 6.7 6.0-7.3 
B2-1369 Sp 3.a 3.4-4.2 3.5 3.1-3.9 
1~f1 3.9 3.5-4.3 3.5 3.1-;.9 
B3-0185 Bf 4.9 4.4-5.4 4.·2 3.a-4.6 
12f 7.3 6.6-8.0 6.1 5.5-6.7 
B4-0943 s, 5.0 4.5-5.5 4.7 4.2-s.2 
12f 8.1 7.3-a.9 6.6 5.9-7.3 
B5-0514 Bf 4.3 3.9-4.7 3.4 3.1-3.7 
1211 7.2 6.5-7.9 5.2 4.7-5.7 
B6-0878 .·Br 4.2 3.a-4.6 3.3 3.0-3.6 
12f. 3.8 3.4-4.2 3.1 
- 2.a-3.4 
-81- . 
I 
i 
I 
fable llI: Comparisou of Experimental and Calculated Reflectance Max1rna, 
" f: 
~'' 
f' max,e and f> ~,c' for Print Samples at 85° Incidence, Across 
t:-
. J 
., the Machine Direction 
' 
' )' 
,.:. ~ Board Print !'max 2 e ''/o Pmaxzerange,% I' max1c ,'fa 
Pt range,%· 
'IDBXzC . 
1 
; . 
. ~ Coated Boards 
r !1-0485 8f 13.6 . 12.2-15.0 8.6 7.7-9.5 
12,,., 11.4 10.;-12.5 10.; 9.;-11.3 
A2-0189 Bf 18.2 16.4-20.0 10.6 9.5-11.7 
12f 2;.2 21.0-25.6 11.1 10.0-12.2 
A'.3-0248 Bf 18.4 16.6-20.2 11.1 10.0-12.2 
r 
12f 23.0 20.7-25.; 12.7 11.4-14.0 
' 
A4-0750 Bf 19.a 17.8-21.8 9.1-11.1 10.1 
·, 
12f 24.3 21.9-26.7 13.2 11.9-14.5 
I 
l 
.. 
A5-0604 Bf 18.2 16.4-20.0 8.4 7.6-9.2 
12f 16.7 15.0-18.4 10.5 9.4-11.6 
A6-064S ay 17.4 -15.1~19.1 9.9 8.9-10.9 
12f 17.4 15.7-19.1 10.5 9.4-11.6 
A7-0009 BJ' 15,8 14-.2-17.4 10.1 9.1-11.1 
12/' 16,7 15.0-18.4 8.9 
8.0-9.8 
Uncoated Boards 
B1-0228 8J1 14.9 13,4-16.4. 
12f 16.6 14.9-18.3 9.6 
8.6-10.6 
B2-1369 Bf 8.4 7.6-9,2 6.6 5,9-7,3 
12JJ 7.9 1.1-8.7 6.2 5.6
-6.8 
B3-0185 Bf 12.7 11.4-14.0 7.6 6.8-8.4 
12,f' 13.4 12.7-14,7 
B4-0943 Bf 10.a 9.1~11.9 
12/ 14.8 13.:~-16.; 8.9 8.
0-9.8 
B5-0514 ~ 12.9 11.6-14.2 
12f' 15.8 14.2-17.4 
B6-0878 ·Bf 1-3.7 12.3-15.1 6.0 5.4-6.6 
.. 
12/ 1;.2 11.9-14.5 
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